Mechanisms regulating spontaneous physical activity remain poorly characterized despite evidence of influential genetic and acquired factors. We evaluated ambulatory activity and wheel running in leptin-deficient ob/ob mice and in wild-type mice rendered hypoleptinemic by fasting in both the presence and absence of subcutaneous leptin administration. In ob/ob mice, leptin treatment to plasma levels characteristic of wild-type mice acutely increased both ambulatory activity (by 4,000 Ϯ 200 beam breaks/dark cycle, P Ͻ 0.05) and total energy expenditure (TEE; by 0.11 Ϯ 0.01 kcal/h during the dark cycle, P Ͻ 0.05) in a dose-dependent manner and acutely increased wheel running (ϩ350%, P Ͻ 0.05). Fasting potently increased ambulatory activity and wheel running in wild-type mice (AA: ϩ25%, P Ͻ 0.05; wheel running: ϩ80%, P Ͻ 0.05), and the effect of fasting was more pronounced in ob/ob mice (AA: ϩ400%, P Ͻ 0.05; wheel running: ϩ1,600%, P Ͻ 0.05). However, unlike what occurred in ad libitumfed ob/ob mice, physiological leptin replacement attenuated or prevented fasting-induced increases of ambulatory activity and wheel running in both wild-type and ob/ob mice. Thus, plasma leptin is a physiological regulator of spontaneous physical activity, but the nature of leptin's effect on activity is dependent on food availability. locomotor activity; energy expenditure; metabolism; exercise ENERGY HOMEOSTASIS IS THE BIOLOGICAL PROCESS whereby energy intake and energy expenditure are linked, and this process is tightly regulated by endocrine signals (29). Recent evidence suggests that hormonal regulation of energy expenditure entails adjustments not only of resting energy expenditure (REE) but also of activity energy expenditure (AEE). Specifically, physiological leptin administration was able to increase AEE by decreasing muscle work efficiency in weight-reduced human subjects (34). However, whether spontaneous activity and voluntary exercise are biologically regulated in human subjects related to energy balance has been difficult to determine (21). In contrast, both spontaneous ambulatory activity (AA) and voluntary exercise (wheel running) are readily measured in mice, and numerous studies have suggested a role for AEE in genetic and acquired mouse models of obesity (3). Obese, leptin-deficient ob/ob mice are characterized by low AA (6, 8, 9) and even lower wheel running (17). Pharmacological leptin treatment causes weight loss and increases AA in leptindeficient rodents (1, 33), whereas the effect of leptin treatment on wheel running has not been investigated. In contrast, in female mice selectively bred for high wheel running activity, plasma leptin levels were lower than predicted based on fat mass, and low leptin levels correlated with greater distance run and running speed (13). Thus, whether spontaneous activity and voluntary exercise are behaviors biologically regulated by physiological concentrations of plasma leptin remains unknown and provides the central focus for the current studies.
ENERGY HOMEOSTASIS IS THE BIOLOGICAL PROCESS whereby energy intake and energy expenditure are linked, and this process is tightly regulated by endocrine signals (29) . Recent evidence suggests that hormonal regulation of energy expenditure entails adjustments not only of resting energy expenditure (REE) but also of activity energy expenditure (AEE). Specifically, physiological leptin administration was able to increase AEE by decreasing muscle work efficiency in weight-reduced human subjects (34) . However, whether spontaneous activity and voluntary exercise are biologically regulated in human subjects related to energy balance has been difficult to determine (21) . In contrast, both spontaneous ambulatory activity (AA) and voluntary exercise (wheel running) are readily measured in mice, and numerous studies have suggested a role for AEE in genetic and acquired mouse models of obesity (3) . Obese, leptin-deficient ob/ob mice are characterized by low AA (6, 8, 9) and even lower wheel running (17) . Pharmacological leptin treatment causes weight loss and increases AA in leptindeficient rodents (1, 33) , whereas the effect of leptin treatment on wheel running has not been investigated. In contrast, in female mice selectively bred for high wheel running activity, plasma leptin levels were lower than predicted based on fat mass, and low leptin levels correlated with greater distance run and running speed (13) . Thus, whether spontaneous activity and voluntary exercise are behaviors biologically regulated by physiological concentrations of plasma leptin remains unknown and provides the central focus for the current studies.
The finding that low spontaneous activity of obese mice that lack leptin receptors is corrected by selective restoration of leptin signaling to the medial hypothalamus or to proopiomelanocortin (POMC) neurons (7, 16) suggests that leptin regulates physical activity via actions on hypothalamic neurocircuits involved in energy homeostasis. This conclusion is further supported by a study in which intracerebroventricular (icv) leptin administration was shown to increase AA in rats (5) and by studies implicating various hypothalamic neurotransmitters, including brain-derived neurotrophic factor, neuromedin U, urocortin, orexin, and brain-specific homeobox transcriptional factor (Bsx) in regulation of physical activity and AEE (31, 38) . The question of whether circulating leptin regulates hypothalamic neurotransmitters consistent with effects on physical activity remains unanswered and was a secondary focus for the current studies.
In this study we evaluated AA, wheel running, and energy expenditure in leptin-deficient ob/ob mice and in hypoleptinemic fasted wild-type mice. Mice were evaluated in both the presence and absence of continuous subcutaneous infusion of leptin at doses designed to achieve physiological replacement.
MATERIALS AND METHODS
Animals. Adult male wild-type C57/Bl6 (average body weight 23.5 Ϯ 0.2 g) and ob/ob mice on the C57/Bl6 background (average body weight 37.4 Ϯ 0.2 g) (Jackson Laboratories, Bar Harbor, ME) were housed individually in a specific pathogen-free American Association for Accreditation of Laboratory Animal Care-accredited facility. All mice were maintained in a 12:12-h light-dark cycle in a temperaturecontrolled room with ad libitum access to water and standard laboratory chow (Purina 5053; Purina Mills, St. Louis, MO) unless otherwise stated. Calorimetry data from these animals was previously reported as part of a large University of Washington Mouse Metabolic Phenotyping Center study describing the optimal method to adjust total energy expenditure for body mass, lean mass, and fat mass in mice (18) . All procedures were approved by the Institutional Animal Care and Use Committee of the University of Washington.
Body composition analysis. Body composition was evaluated in live, conscious animals in triplicate by quantitative nuclear magnetic resonance spectroscopy (EchoMRI 3-in-1 Animal Tissue Composition Analyzer; Echo Medical Systems, Houston, TX) (39) . A system test is performed routinely at the beginning of each measurement day, and the equipment is calibrated by scanning a calibration holder containing a known amount of fat to test the validity of measurement.
Indirect calorimetry. Total oxygen consumption (V O2) and carbon dioxide production (V CO2), measurements that are proportional to metabolic rate, were measured continuously by indirect calorimetry using an eight-chamber Oxymax Laboratory Animal Monitoring System (Columbus Instruments, Columbus, OH). V O2 was converted to individual total energy expenditure (TEE) in kilocalories per hour by Columbus software, which uses the standard Lusk formula [TEE in kcal/h ϭ (3.815 ϩ 1.232 ϫ RQ) ϫ V O2 in l/h, where RQ (respiratory quotient) is the ratio of V CO2 to V O2] (24) . RQ, an indicator of the proportions of fat and carbohydrate oxidation under specified conditions (24) , ranges between ϳ0.7 (complete reliance on fat oxidation) and 1.0 (complete reliance on carbohydrate oxidation).
Locomotor activity. AA was determined simultaneously with the collection of indirect calorimetry data using an Opto-Varimetrix-3 sensor system (Columbus Instruments). Consecutive adjacent infrared beam breaks in either the x-or y-axes were scored as an activity count, and a tally was recorded every 15 min.
Running wheel activity. Running wheel activity was measured in a separate group of experiments from studies measuring AA. Mouse activity wheels (model no. 80820F) hung from filtered cage lids in standard-sized mouse cages that contained regular bedding (Lafayette Instruments, Lafayette, IN). Running wheels were equipped with a Servo-Brake to permit the locking and/or unlocking of running wheels and an activity wheel control and counter (model no. 86070) to monitor the revolution of activity wheels (1 revolution ϭ 0.40 m running distance). Activity Wheel Software (version 11.10, model no. 86065) was then used to record interval counts (5 min), average speed, total counts, and total distance.
Effect of leptin replacement on spontaneous physical activity in ob/ob mice. Adult male ob/ob mice (ϳ10 wk of age, body weight 37.4 Ϯ 0.6 g) were housed individually and habituated to metabolic cages prior to the study. Animals had baseline body composition performed and were returned to metabolic cages just prior to dark cycle onset for continuous baseline measurement of AA and calorimetry for 3 days while having ad libitum access to food and water. Animals were separated into weight-matched groups and were implanted subcutaneously with an osmotic minipump (Alzet Model 1007D; Durect, Cupertino, CA) containing either vehicle (PBS, pH 7.9) or leptin at a dose of 50, 100, or 200 ng/h (Dr. A. F. Parlow, National Hormone and Peptide Program, Torrance, CA) (n ϭ 7-8/group) and returned to the metabolic cages. Doses of leptin were designed to achieve leptin levels in the low physiological, high physiological, and supraphysiological range for wild-type mice based on previous studies (19, 27) . A predetermined length of Tygon flexible plastic tubing filled with vehicle was attached to the end of each osmotic minipump such that vehicle was infused only for the 24-h recovery period following surgery. Approximately 30 h following surgery, a blood sample was taken from the tail vein for measurement of plasma leptin levels. Three hours following the blood sample, just prior to dark cycle onset, acquisition of continuous AA and indirect calorimetry measurements began for an additional 64 h while all animals had ad libitum access to food and water. Animals were then removed from the calorimeter, and body weight and body composition were again measured. Animals were then euthanized, and a block of mediobasal hypothalamus (MBH) defined caudally by the mamillary bodies, rostrally by the optic chiasm, laterally by the optic tract, and superiorly by the apex of the third ventricle was rapidly dissected and snap-frozen as described previously (41) , and blood was collected in EDTA-treated tubes.
Effect of leptin replacement on spontaneous physical activity in fasted wild-type and ob/ob mice. A similar protocol was used to examine the effect of physiological leptin replacement on spontaneous physical activity (SPA) in fasted wild-type mice. Following measurement of body composition and baseline continuous AA and indirect calorimetry in the fed state, weight-matched adult male C57Bl/6 mice (ϳ10 wk of age, body weight 23.5 Ϯ 0.3 g) were implanted with an osmotic minipump containing either vehicle or leptin at a dose of 50, 100, or 200 ng/h (n ϭ 8/group). All osmotic minipumps were attached to a predetermined length of Tygon flexible plastic tubing filled with vehicle, as described above, to deliver vehicle only for the 24-h recovery period following surgery. A blood sample was obtained from the tail vein ϳ30 h after surgery for measurement of plasma leptin levels. Just prior to dark cycle onset, mice were returned to the indirect calorimeter for continuous AA and calorimetry measurements for a 24-h fasting period while having ad libitum access to water. Immediately following calorimetry, mice were studied for body composition before being euthanized with tissue and blood samples collected as described above. This entire experiment was then replicated with ob/ob mice being substituted for wild-type mice.
Effect of leptin replacement on wheel running in ob/ob mice. Adult male ob/ob mice (ϳ10 wk of age, body weight 37.7 Ϯ 0.7 g) were housed individually and habituated to the running wheels (Lafayette Instruments) while they were placed in the locked position for 4 days. Baseline body composition and body weight was performed before running wheels were unlocked, and wheel running was then recorded in the fed state for 4 days. Weight-matched animals were then subcutaneously implanted with an osmotic minipump containing either vehicle (PBS, pH 7.9) or leptin at a dose of 100 ng/h (n ϭ 7/group) as described above. Animals were then returned to running wheel cages, and data were recorded for 6 days, during which food and water were available ad libitum. This experiment was repeated in a separate group of ob/ob mice, except that animals were euthanized 2 h prior to the second dark cycle. A wedge of MBH was taken and blood collected as noted above.
Effect of leptin replacement on wheel running in fasted wild-type mice. A similar protocol was used to examine the effect of leptin replacement on wheel running in fasted wild-type mice (C57Bl/6 ϳ10 wk of age, body weight 23.5 Ϯ 0.2 g). Following habituation to the running wheels, wheel running was recorded in the fed state for 4 days. Weight-matched animals were then implanted with an osmotic minipump containing either vehicle or leptin at a dose of 100 ng/h (n ϭ 8/group). Animals were returned to running wheel cages and data recorded for a fasting period of 24 h. This experimental paradigm was repeated again in both ob/ob mice and in a separate group of wild-type animals in which mice were euthanized 2 h prior to second dark cycle onset (i.e., 22 h into their fast), at which time a wedge of MBH was taken and blood collected as previously described.
Plasma analysis. Whole blood was collected into EDTA-treated tubes and centrifuged, and plasma was removed for subsequent measurement of plasma immunoreactive leptin levels by ELISA (cat no. 90030; Crystal Chem, Chicago, IL) and corticosterone levels by EIA (Cayman Chemical, Ann Arbor, MI) according to the manufacturers' instructions.
RT-PCR. Total RNA was extracted from hypothalami using TRIzol B according to manufacturer's instructions (MRC, Cincinnati, OH). RNA was quantitated by spectrophotometry at 260 nm (Nanodrop 1000; Thermo Scientific) and reverse-transcribed with AMV reverse transcriptase (1 g) (Promega, Madison, WI), and real-time PCR was performed on a ABI Prism 7900 HT (Applied Biosystems) using the commercially available PCR master mix (SYBR Green, Applied 2.0; Applied Biosystems), as described previously (28) . PCR data were analyzed using the Sequence Detection System software (SDS Version 2.2; Applied Biosystems). Expression levels of each gene were normalized to a housekeeping gene (18S RNA) and expressed as a percentahe of vehicle-vehicle controls. Nontemplate controls were incorporated into each PCR run.
Statistical analysis. All results are expressed as means Ϯ SE. For analyses that did not require adjustment for variation in body size, we used a one-way analysis of variance (ANOVA) for omnibus groupwide testing followed by a post hoc least significant difference between-subjects Student t-test for pairwise comparisons. To control for the influence of body size variation on TEE (18), group comparisons involving this outcome were adjusted for total body mass using analysis of covariance (ANCOVA) (2) in keeping with recent work from our group (18) . ANOVA was performed using Statistica (version 7.1; StatSoft). ANCOVA was performed with the univariate general linear model module in PASW statistics (version 17, IBM, Chicago, IL). Significance was established at P Ͻ 0.05 (2-tailed Student's t-test).
RESULTS

Effect of leptin replacement on AA and TEE in ob/ob mice.
Vehicle-and leptin-treated ob/ob mice were housed in metabolic cages to continuously measure AA and TEE as depicted in Fig. 1A . Based on plasma sampled at the end of the study, systemic leptin replacement achieved our intended goal of restoring circulating leptin to low physiological (50 ng/h), midphysiological (100 ng/h), and high physiological (200 ng/h) levels (Fig. 1B) . As expected, systemic leptin replacement was accompanied by significant reductions in body weight (Fig. 1C ) and body fat (Fig. 1D) . Leptin-deficient mice exhibit low baseline AA, as shown previously (33) . Relative to vehicle-treated ob/ob mice, physiological leptin administration acutely increased AA in a dose-dependent manner during the first dark cycle (Fig. 2, A and B) , and this effect was maintained throughout both dark and light cycles for the duration of the study (Fig. 2, C and D) . Importantly, although dark cycle AA doubled in ob/ob mice receiving the highest leptin dose, this maximal value represents only ϳ33% of values characteristic of wild-type mice. Leptin infusion also raised energy expenditure adjusted for total body mass using ANCOVA (Fig. 2E ) and reduced RQ (Fig. 2F ) in a dose-dependent manner. Plasma corticosterone levels were also modestly reduced by leptin administration [vehicle: 119 Ϯ 8 ng/ml; Lep50: 92 Ϯ 6 ng/ml (P ϭ 0.05); Lep100: 101 Ϯ 7 ng/ml (P ϭ 0.15); Lep200: 86 Ϯ 11 ng/ml (P ϭ 0.01)].
Effect of leptin replacement on AA and TEE in fasted wild-type mice. AA was measured in fed and fasted wild-type mice receiving continuous sc infusion of either vehicle or leptin at the same doses previously administered to ob/ob mice (Fig. 3A) . As expected, plasma leptin levels were markedly reduced in vehicle-treated fasted animals and were dose-dependently increased with progressively greater concentrations of leptin replacement (Fig. 3B ). Fasting induced a significant increase in AA relative to mice fed ad libitum, an effect observed during both the dark and light cycles (Fig. 3, C and   D) . Restoring plasma leptin concentrations into the physiological range attenuated the fasting-induced stimulation of AA in a dose-dependent manner (Fig. 3E) , identifying leptin deficiency as a contributory factor in this response. Despite increased AA, fasting significantly decreased adjusted TEE (Fig.  3F ) relative to wild-type mice fed ad libitum. Consistent with a previous report (10) , the highest dose of leptin significantly increased TEE of fasted wild-type mice compared with vehicle ( Fig. 3F ) despite preventing fasting-induced increased AA. The effect of fasting to induce a dramatic decrease of RQ (reflecting a marked increase of lipid oxidation) was not altered by leptin replacement (Fig. 3G) . Because of the short duration of the study and the potent effect of fasting, both loss of body fat (Fig. 3H) and body weight loss (data not shown) were equivalent between all fasted groups, irrespective of plasma leptin level.
Effect of leptin replacement on AA and TEE in fasted ob/ob mice. To determine whether a decline of leptin signaling is required for the effect of fasting to increase AA, we performed an additional study in which fasted ob/ob mice received either a continuous sc infusion of vehicle or a physiological dose of leptin (100 ng/h). AA was increased significantly in fasted ob/ob mice (ϩ400%) relative to ob/ob controls fed ad libitum during both dark and light cycles, and this fasting-induced increase of ambulatory activity was prevented by leptin treatment (Fig. 4, A and B) . Despite elevated AA, TEE adjusted for total body mass using ANCOVA (Fig. 4C ) was reduced in fasted ob/ob mice receiving sc vehicle (compared with fed ob/ob mice), and physiological leptin administration increased TEE in ob/ob mice beyond baseline values observed in fed ob/ob mice, in contrast to what was observed in wild-type mice, despite a complete reversal of the fasting-induced increase of AA (Fig. 4, B and C) . In comparison, RQ levels were significantly reduced with fasting and even slightly further reduced with leptin treatment (Fig. 4D) . Body weight loss was equivalent in both vehicle-and leptin-treated fasting ob/ob mice (data not shown).
Effect of leptin replacement on hypothalamic neuropeptide gene expression. To gain insight into the central nervous system (CNS) mechanism whereby leptin regulates SPA, we measured levels of mRNA encoding hypothalamic peptides implicated in the control of energy homeostasis and activity in a mediobasal wedge of whole hypothalamus from animals in a subset of the above studies. As expected, hypothalamic levels of Npy and Agrp mRNA were increased significantly in ob/ob relative to wild-type controls (Fig. 5, A and B) . These increases in both hypothalamic Npy and Agrp mRNA levels were attenuated by leptin at the high physiological dose (200 ng/h; Fig. 5,  A and B) , whereas hypothalamic melanin-concentrating hormone mRNA levels were not affected (data not shown). Similarly, we observed that fasting-induced decreases of Pomc and Cart mRNA levels were partially reversed by leptin treatment without a clear dose-dependent effect (data not shown).
Among peptides known to regulate AA, levels of hypothalamic mRNA encoding urocortin, Bsx, brain-derived neurotrophic factor (BDNF), and orexin were reduced in ob/ob mice relative to wild-type controls, but of these, only urocortin expression was increased by exogenous leptin in a dose-dependent manner (similar to the effect on AA) (Fig. 5, 
C-F).
As expected, fasting increased hypothalamic expression of both Npy and Agrp mRNA in wild-type mice, and unlike what was observed in ob/ob mice, this increase was not reversed by leptin replacement (100 ng/h; Fig. 6, A and B) . By contrast, exogenous leptin completely blocked the fasting-induced increase of hypothalamic urocortin and orexin (Fig. 6, C and D) mRNA expression despite having no effect on hypothalamic Bsx or Bdnf mRNA levels (Fig. 6, E and F) .
Effect of leptin replacement on wheel running in fed and fasted ob/ob and wild-type mice. In all fed animals, wheel running occurred almost exclusively during the dark cycle, and consequently, only dark cycle wheel running activity data are presented below. Analysis of data generated in vehicle-treated controls revealed that ob/ob mice display markedly reduced wheel running activity compared with wild-type mice (Ͻ5% of wheel-running distance, P Ͻ 0.001). Leptin administration at doses that achieve physiological plasma concentrations (Fig. 7A ) increased wheel running (3.5 Ϯ 0.5-fold, P Ͻ 0.05; Fig. 7B ) in ob/ob mice relative to vehicle-treated controls. However, peak leptin-induced wheel running was still Ͻ10% of wheel running in wild-type mice. As was observed for AA, fasting caused a dramatic increase of wheel running activity in Fasting also elicited an increase in wheel running activity in vehicle-treated wild-type mice, and this increase was blocked by physiological leptin replacement (Fig. 7, C and  D) . The relative increase of wheel running induced by fasting in wild-type mice was smaller than in ob/ob mice (50 vs. 600%), similar to the effect of fasting on AA between the two genotypes. Interestingly, wheel running in fasting wildtype mice was reduced during leptin replacement to values below their baseline counts (Fig. 7B ) despite equivalent plasma leptin levels. Importantly, whereas 24-h fasting induced an expected increase of plasma corticosterone levels, leptin replacement had no effect to reduce corticosterone in fasting mice (fed vehicle: 120 Ϯ 20 ng/ml; fasted vehicle: 225 Ϯ 27 ng/ml; fasted leptin: 260 Ϯ 15 ng/ml, P Ͻ 0.01 for both fasting groups vs. fed, P ϭ 0.3 for fasted vehicle vs. fasted leptin).
DISCUSSION
Leptin is a key hormonal regulator of energy homeostasis and body fat stores. Although physiological roles for leptin in the control of energy intake (25, 29) and TEE (18) are well described, information about its role in the regulation of SPA and AEE is comparatively limited. Previous studies have shown that physical activity is increased by chronic administration of leptin to ob/ob mice at a dose that also causes weight loss (1, 33) , and similar effects were observed in response to acute icv leptin treatment in rats (5), demonstrating that leptin can alter physical activity when administered at pharmacological doses. The current studies were undertaken to determine whether physiological variation in plasma leptin levels regulates SPA in mice using an established paradigm in which mice with genetic or acquired hypoleptinemia receive exogenous leptin at doses that raise circulating leptin levels into the physiological range for wild-type mice (19, 27 ). Our results demonstrate potent effects of leptin on physical activity, both ambulatory activity and wheel running (voluntary exercise), and that the nature of the leptin effect is dependent on food availability.
Specifically, we found that, in wild-type mice, physiological leptin replacement ameliorates fasting-induced increases of both ambulatory activity and wheel running, indicating a role for leptin deficiency in the potent effect of fasting to increase physical activity. This conclusion is consistent with a theoretical model in which a fasting-induced increase of physical activity is a manifestation of increased food-seeking behavior (32, 36) that is driven in part by a reduced leptin signal. Interestingly, fasting also increases ambulatory activity and wheel running in ob/ob mice, demonstrating that factors other than hypoleptinemia can also drive this response. Yet, even in these mice, the effect of fasting to stimulate physical activity is nonetheless prevented by leptin administration at doses that achieve physiological plasma levels, as was observed in fasting wild-type mice. In contrast, we found that, in leptin-deficient ob/ob mice that have ad libitum access to food, low-dose leptin replacement acutely increased both ambulatory activity and wheel running. This effect occurred within the first 12 h of leptin treatment and is, therefore, independent of the effect of leptin to reduce body weight. These observations suggest that, unlike what is observed in fasted animals, leptin deficiency inhibits physical activity when food is available, and therefore, this effect may contribute to the obese phenotype of mice that lack a leptin signal. Finally, analysis of hypothalamic neuropeptide mRNA expression from a subset of these mice identifies urocortin and orexin as candidate mediators of the effect of physiological leptin signaling to acutely regulate physical activity, and additional studies are warranted to investigate this hypothesis.
Previous work has shown that, relative to wild-type controls, ob/ob mice are characterized by low ambulatory activity (6, 8, 33) and even lower wheel running (17) and that 3 wk of exogenous leptin administration at a pharmacological dose (10 mg/kg ip daily) increased observed activity scores in ob/ob mice to values similar to those recorded in control mice despite significantly reducing body weight, percent body fat, and food intake (33) . In a second study, 1 wk of leptin treatment with a lower but still pharmacological dose (1 mg/kg ip daily) improved observed locomotor activity of ob/ob mice in an openfield testing paradigm (1). A limitation of these studies is that one cannot separate the effect of leptin to reduce body weight from its effect on activity levels and that brief testing paradigms were used that are better at testing anxiety and exploration rather than physical activity. Our study paradigm addresses this issue, since we used continuous computerized measurement of ambulatory activity to show not only that continuous sc leptin treatment acutely increases ambulatory activity in ob/ob mice prior to any change of body weight but that this effect occurred with doses of leptin that achieved physiological plasma levels. Unlike previous reports showing that chronic pharmacological leptin administration nearly normalizes activity measurements, we observed leptin-mediated increases of ambulatory activity amounting to approximately one-third of wild-type values. This quantitative difference in outcome suggests that in ob/ob mice, reduced ambulatory activity results from both a reduced leptin signal and other consequences of lifelong leptin deficiency (e.g., obesity, neuronal pathway development).
We also report that, at physiological concentrations, leptin increases wheel running in ob/ob mice, an effect that has not been reported previously and which occurred rapidly and was sustained over the 4-day treatment period. However, peak leptin-induced wheel running was only Ͻ10% of wild-type wheel running activity, and whether more prolonged or pharmacological leptin treatment can normalize wheel running activity awaits further study. Nonetheless, increased wheel running in leptin-treated ob/ob mice is crucial evidence that voluntary exercise behavior is regulated by physiological hormone signaling.
Although fasting clearly increases ambulatory activity in wild-type mice (36) , the role of acquired hypoleptinemia to drive this response has not previously been investigated. We report that the fasting-induced increase of ambulatory activity in wild-type mice is dose-dependently blunted by acute, physiological leptin replacement, and this effect is even more dramatic with fasting-induced wheel running, which was prevented entirely by physiological leptin replacement. The mechanism underlying fasting-induced activity is uncertain. It could be related to a foraging response, an aspect of food-seeking behavior that is greatly augmented in fasted animals (40) , or alternately, dopaminergic reward signaling induced by running (23) could be increased by fasting, as has been shown for other "reward" signals (12) . Increased plasma corticosterone levels are associated with increased activity in fasting rodents, and adrenalectomy prevents increased wheel running in food-restricted rats (11) . Our data show that the effect of leptin to decrease fasting-induced activity is not mediated through decreased plasma corticosterone levels.
Interestingly, decreased leptin signaling cannot be the sole mediator of fasting-induced activity, since fasting also dramatically increases ambulatory activity and wheel running in ob/ob mice that lack leptin, also proving that baseline physical activity in these mice is not limited purely by obesity. Nonetheless, leptin treatment prevented the acute increase of both ambulatory activity and wheel running induced by fasting in ob/ob mice. Although this seemingly paradoxical finding, that leptin increases physical activity in ob/ob mice when they are fed ad libitum but reduces it when they are fasted, awaits further explanation, a similar paradoxical effect has been described previously for the regulation of body temperature by the CNS leptin-melanocortin pathway, increasing body temperature in hypothermic ob/ob mice (33) but reducing lipopolysaccharide-induced fever (4, 15, 22) . Thus, the overall effect of leptin on physical activity is highly dependent on whether food is available. This finding may represent an effect of leptin signaling to redirect physical activity behavior away from food seeking toward other activities such as exploration, socialization, or play. Alternatively, reward signaling induced by physical activity may be enhanced by fasting in a leptin-dependent manner, and further studies examining distinct components of physical activity as well as specific reward paradigms will be needed to address these hypotheses.
Recent work from many groups has identified a large number of hypothalamic peptides capable of altering ambulatory activity, including BDNF, urocortin, Bsx, orexin, and neuromedin U, among others (20, 30, 31, 37, 38) , and many of these mediators are thought to have effects on energy balance beyond those on physical activity (31, 38) . The connections among these hypothalamic neuronal groups are still being defined, but importantly, effects on ambulatory activity induced by leptin signaling can be separated from effects of leptin on food intake (7, 16, 26) , suggesting that distinct neuronal pathways are involved.
From our evaluation of several candidate hypothalamic mediators, urocortin and orexin emerged as potential mediators of the effects of leptin on physical activity. In leptin-treated ob/ob mice fed ad libitum, we showed that hypothalamic levels of mRNA encoding urocortin were increased by leptin in a dose-dependent manner and that changes in urocortin mRNA expression were in turn correlated with leptin effects on ambulatory activity. Moreover, urocortin and orexin were the only candidate hypothalamic mediators for which mRNA expression increased with fasting and was reduced by leptin replacement in fasting animals, a complex pattern that also characterized changes of physical activity. For all the other candidate neuropeptide genes examined, correlations were not detected between hypothalamic mRNA levels, leptin treatment condi-tion, and activity outcomes. One caveat to the interpretation of these data pertains to the method of tissue collection. We evaluated mRNA expression within a mediobasal hypothalamic wedge, which captures many discrete hypothalamic nuclei, and this approach differs from that employed in previous studies. For example, fasting reportedly increased Bsx mRNA expression selectively in the arcuate nucleus, and this effect was reversed by leptin treatment, with no effects observed in the dorsomedial nucleus or lateral hypothalamic area (30) . Future studies, including selective inhibition of leptin signaling, are warranted to determine whether hypothalamic urocortin or orexin signaling is necessary or sufficient to explain acute leptin-mediated regulation of physical activity.
As we have shown (18) , physiological leptin replacement increases TEE, in agreement with studies involving either pharmacological leptin administration in normal mice or physiological leptin replacement in fasting mice (10, 14, 27) . This effect is similar to that observed in clinical studies of weightreduced human subjects, where physiological leptin replacement has been shown to increase TEE (35) . In ob/ob mice, ambulatory activity was increased by leptin treatment at all doses, suggesting that both increased AEE and increased REE contribute to leptin-mediated increases of TEE. The degree to which increased AEE contributed to increased TEE is difficult to determine in this study, because estimating REE is confounded by episodes of profound, torpor-like hypometabolism observed during the light cycle (10, 32) . Determining the relative contribution of REE and AEE to changes in TEE in fasted wild-type and ob/ob mice is even more challenging, since leptin replacement increased TEE in all groups of fasted mice despite consistently decreasing ambulatory activity. Thus, although the increase in TEE may have been greater had activity not decreased, our data clearly suggest that the effect of leptin to increase REE trumps the effect to decrease AEE. However, further work is needed to precisely define the relationship between the effect of leptin to regulate physical activity and the effect on AEE.
In conclusion, we report that physiological variation in leptin levels regulates both ambulatory activity and wheel running in mice. In fed ob/ob mice, leptin acutely increases wheel running and increases ambulatory activity in a dosedependent manner, and this effect is not dependent on reduced body weight. In both wild-type and ob/ob mice, fasting increases ambulatory activity and wheel running, and physiological leptin replacement acutely decreases this response in both genotypes. Taken together, our data show that spontaneous physical activity, like food intake and thermogenesis, is a key energy homeostasis variable regulated acutely by physiological variation in leptin signaling. This finding suggests that as-yetunidentified leptin signaling pathways may offer pharmacological targets to alter physical activity in ways that are beneficial to the control of energy balance.
